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P2X7RTissue-nonspeciﬁc alkaline phosphatase (TNAP) is one of the four isozymes in humans and mice that have the
capacity to hydrolyze phosphate groups from a wide spectrum of physiological substrates. Among these, TNAP
degrades substrates implicated in neurotransmission. Transgenic mice lacking TNAP activity display the charac-
teristic skeletal and dental phenotype of infantile hypophosphatasia, as well as spontaneous epileptic seizures
and die around 10 days after birth. This physiopathology, linked to the expression pattern of TNAP in the central
nervous system (CNS) during embryonic stages, suggests an important role for TNAP in neuronal development
and synaptic function, situating it as a good target to be explored for the treatment of neurological diseases. In
this review, we will focus mainly on the role that TNAP plays as an ectonucleotidase in CNS regulating the levels
of extracellular ATP and consequently purinergic signaling.
© 2015 Sebastián-Serrano et al. Published by Elsevier B.V. on behalf of the Research Network of Computational
and Structural Biotechnology. This is an open access article under the CC BY license
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Alkaline phosphatases (APs) are ubiquitous ectoenzymes widely
distributed in nature from bacteria to humans, suggesting their involve-
ment in important physiological processes. Their main functions consist
of catalyzing dephosphorylation and transphosphorylation reactions onch Network of Computational and Structural Biotechnology. This is an open access article
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[1–3]. AP isozymes, encoded by four homologous gene loci, are present
in both humans and mice [4–6]. Three of them, known as the placental
(PLAP), germ cell (GCAP), and intestinal (IAP) types, are tissue-speciﬁc
with highly restricted expression, while the fourth isozyme, tissue-
nonspeciﬁc AP (TNAP), is present in numerous tissues but particularly
abundant in mineralizing tissues, the kidneys [7] and the central
nervous system (CNS) [8,9]. TNAP is encoded in humans by the ALPL
(alkaline phosphatase, liver/bone/kidney) gene and by the Akp2
(alkaline phosphatase 2) gene in mice, both with 12 exons [10–12]. In
both species, two different transcripts derived from the same coding re-
gion have been described [12–14]. Similar to the rest of themammalian
AP family, TNAP is a homodimeric protein anchored to the cytoplasmic
membrane via two GPI moieties [15,16]. Each monomer contains three
metallic ions (two zinc molecules and one of magnesium) and one
phosphate ion. The central core of each subunit consists of an extended
β-sheetﬂanked byα-helices. Other two identiﬁable regions are the long
N-terminalα-helix and an interfacial ﬂexible loop known as the “crown
domain” [2].
TNAP hydrolyzes extracellular inorganic pyrophosphate (PPi), a
potent mineralization inhibitor, to enable the physiological deposition
of hydroxyapatite in bones and teeth [2,17–20]. Hypomorphic muta-
tions in the ALPL gene encoding TNAP lead to accumulation of PPi in
the extracellular matrix causing a heritable form of rickets in children
or osteomalacia in adults known as hypophosphatasia [6,21–24].
Another substrate of TNAP is pyridoxal-5′-phosphate (PLP, the major
active form of vitamin B6) [25]. TNAP converts extracellular PLP into
pyridoxal that is taken up into cells and rephosphorylated by intra-
cellular kinases. There it functions as a cofactor for the synthesis of
enzymes implicated in the metabolism of several neurotransmit-
ters, such as gamma-aminobutyric acid (GABA) or serotonin [26].
In addition, this enzyme has been described as an ectonucleotidase,
being able to cleave all forms of adenosine phosphates inﬂuencing
purinergic signaling [27]. Along with APs, there are also three
major groups of ectonucleotidases: the ecto-nucleoside triphosphate
diphosphohydrolases, ecto-5′-nucleotidase, and ecto-nucleotide
pyrophosphatase/phosphodiesterases (for an extensive review of the
structure and function of the ectonucleotidases see [28]). All these
properties of TNAP linked to the fact that it is highly expressed in the
brain and the developing spinal cord [8,9,29,30], suggesting a physio-
logical role for TNAP in CNS and its development. Although deﬁciency
in TNAP function leads to seizures, both in patients [25] and in mice
[31,32], little is known about the mechanism of action of TNAP in the
CNS.
2. TNAP Contributes to Early Embryonic Development of the CNS:
Proliferation and Migration
During early developmentof the nervous system, twomain processes
take place. First, the neural precursors proliferate and generate the
characteristic high cellular variability of the brain. Then, cells migrate
until they reach their correct position in the brain.
TNAP is strongly expressed in these early stages in the neural tube,
and in migrating primordial germ cells [19,29,33], a subpopulation of
neuroectodermal cells. In mice, these cells are characterized by moving
from the epithelium of the hind gut to the genital ridges around
embryonic day 8 (E8) [34]. The high expression of TNAP in these cells
during their migration may suggest an unknown role of the enzyme in
this process.
Furthermore, strong activity of TNAP has been found around embry-
onic day 14 (E14) in ventricular and subventricular zones (VZ and SVZ)
where neural precursors are placed [35]. Taking into account that these
regions are characterized by increased proliferative activity, either dur-
ing development or in the adult brain [36], it would be reasonable to re-
late TNAP function with proliferation. Moreover, increasing evidence
points to purinergic signaling pathways playing a role in embryonicand adult neurogenesis [35]. The activation of purinergic receptors can
transiently increase intracellular Ca2+ concentrations, independently
of voltage-dependent Ca2+-channel activation [37], and this increase
could be related to cellular proliferation [38]. Studies using embryonic
rat slices demonstrated that Ca2+ waves propagating through radial
glial cells of VZ are mediated by P2Y1 receptor activation. Disruption
of calcium waves induces a reduction of cell proliferation in the VZ
[39]. Furthermore purinergic signaling facilitates progenitor cell migra-
tion within the developing cortex [17,18]. This suggests that purinergic
signalmolecules surrounding the precursor cells are essential for proper
brain development. We surmise that these progenitor cells employ the
ectonucleotidase activity of TNAP to regulate the nucleotide availability
in the microenvironment of purinergic receptors [35,40]. In support of
this hypothesis, downregulation of TNAP in neural stem cells from
adult mice affects differentiation in vitro and possibly also in vivo [41].
The mechanisms underlying the impact of TNAP activity on precursor
cell proliferation and possibly migration require further investigation.
3. TNAP Regulates Neuronal Differentiation: Axonal Growth
The next essential event during development is axonal growth and
guidance. Once the intermediate neurons reach their correct position,
axonal elongation towards the proper target is initiated, eventually
generating the precise neuronal circuits observed in the mature brain.
Guidance cues include neurotrophic factors, neurotransmitters and
other signals, both diffusible and associated with the neuronal mem-
brane. These molecules employ attraction and repulsion mechanisms,
directing the axonal growth through the control of polymerization
and depolymerization of microtubules and microﬁlaments [42,43].
Around E10.5, strong TNAP activity has been found in cranial nerves
and dorsal roots that may be related to pioneer growth cones [29]. One
hypothesis for the involvement of this enzyme in axonal elongation
might relate to the ability of TNAP to interact with extracellular matrix
proteins, such as collagens, through its loop region [44]. Another
hypothesis might relate to the involvement of TNAP in the metabolism
of extracellular nucleotides modulating purinergic signaling [27]. In the
nervous system, purines act as neurotransmitters mediating not only
rapid effects, but also trophic effects inducing changes in metabolism,
structure and function [45]. For example,well-establishedmodels of ax-
onal growth using neural explants of rat embryos at E12 demonstrate
that ATP is able to reduce motoneuron neurite extension [46]. ATP be-
haves as a neurotransmitter in the CNS activating both, ionotropic P2X
receptors (P2XRs) [47–49] andmetabotropic P2Y receptors [50]. Activa-
tion of ionotropic P2XRs induces transient increases in cytosolic Ca2+
concentrations [37] including in growth cones [51]. This increase nega-
tively regulates the rate of axonal outgrowth. To the contrary, reduction
of intracellular Ca2+ levels in axonal growth cones accelerates axonal
elongation [52]. Moreover, in vitro studies using cultured hippocampal
neurons have shown that ATP can induce an intracellular Ca2+ increase
in the axonal growth cone, generating a Ca2+ wave mainly at the distal
region of the axon [51]where P2XRs are localized. This focal Ca2+ inﬂux
correlates with changes in growth conemorphology, from lamellipodial
to ﬁlopodial extensions. Pharmacological and molecular biology tools
have identiﬁed the P2X7R as the ATP receptor inducing these changes.
Interestingly, speciﬁc P2X7R antagonists induce a signiﬁcant increase
in axonal length [51].
Additional studies, again with cultured hippocampal neurons,
showed that during the ﬁrst days of culturing extracellular ATP levels
are considerably reduced [53]. The reduced levels of extracellular ATP
correlate with a signiﬁcant increase in TNAP activity, especially at the
axonal growth cone. It is important to note that during the three initial
days in culture, one of the neurites emerges from the cell body to
become the axon. Pharmacological inhibition of TNAP maintains high
levels of extracellular ATP in the culture media and inhibits the growth
and branching of axons (Fig. 1B and C) [53]. Neither activation nor
inhibition of adenosine receptors inﬂuenced axonal growth, excluding
Fig. 1. Schematic representation of the axonal growth regulation by the coordinated action of TNAP and P2X7R. A) Immunoﬂuorescence image of the axonal growth of hippocampal
neurons ﬁxed at 3 DIV and stained with antibodies against TNAP (green) and P2X7R (red). The image shows the presence of both proteins at the growth cone of hippocampal neurons.
Scale bar: 20 μm. B) TNAP hydrolyzes the physiological agonist of P2X7R, ATP, in the proximal environment of the receptor, which negatively regulates the activation of this receptor
favoring in this way the axonal growth. C) The pharmacological inhibition of TNAP by levamisole produces an increase of ATP in the proximal environment of P2X7R, event that favor
the activation of the receptor and then decreasing the axonal growth. The immunoﬂuorescence images of lower panels showhippocampal neurons (3DIV) stainedwith antibodies against
axonal molecular markers, Map2 (red) and Tau (green), under normal condition (B) or treated with TNAP antagonist, levamisole, inhibiting axonal growth (C). Scale bar, B and C: 50 μm.
Ext: extracellular space. Int: intracellular space. Ado: adenosine. Pi: inorganic phosphate.
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generated by extracellular hydrolysis of ATP by TNAP [53]. The presence
of TNAP at growth cones suggests a close functional interrelation
between P2X7R and the ectonucleotidase (Fig. 1A). TNAP probably
induces axonal elongation by hydrolyzing ATP in the immediate envi-
ronment of the receptors, thus preventing the activation of P2X7R. Of
note, inhibition of P2X7R reduced TNAP expression while addition
of exogenous TNAP enhanced P2X7R expression revealing a novel
relationship between both proteins at the transcriptional level [53].
4. TNAP and Synaptic Function
Once the axon reaches the proper target, it has to establish synaptic
contacts. TNAP is selectively expressed in the synaptic cleft of sensory
cortical areas in adult primates [8] and in humans [54]. As shown by
deprivation paradigms in monkeys TNAP activity is regulated by senso-
ry experience [8]. It is of interest that the high activity of TNAP in the
cortex coincides with the peak of synaptogenesis [55,56], suggesting a
functional involvement of TNAP in synapse formation and maturation.
Recent studies demonstrated the presence of TNAP in the retina of sev-
eral vertebral species, including humans, suggesting a role in retinal
neurotransmission [57]. While the precise biological functions of TNAP
at these CNS sites remain to be further elucidated, emerging evidence
suggests that TNAP may act through metabolic pathways additional to
hydrolyzing extracellular nucleotides. The levels of PLP are regulated
by TNAP [58]. PLP is a co-factor of glutamic acid decarboxylase(GAD65) [59] essential for GABA synthesis. GABA is one of the main
inhibitory neurotransmitters in the CNS. Changes in its concentration
may induce an imbalance between excitatory and inhibitory synaptic
responses. In addition, PLP is necessary for the synthesis of serotonin,
dopamine, epinephrine and norepinephrine [26,60].
As noted above, TNAP is potentially involved in purinergic transmis-
sion by producing nucleoside receptor substrates through the extracel-
lular hydrolysis of ATP to adenosine [28]. Adenosine has been widely
described as a neuromodulator in the CNS, and the activation of its
receptors is implicated in several physiological processes [61]. Further
to this, studies using nerve endings from the rat midbrain as a model
demonstrated that the adenosine generated by TNAP, is sufﬁcient to
activate presynaptic A1 adenosine receptors. This in turn increased the
afﬁnity and response of presynaptic ionotropic nucleotide and dinucle-
otide receptors at the same nerve endings [62,63]. Additionally, several
neurotransmitters like acetylcholine (ACh), glutamate or GABA could be
released by vesicle-dependent mechanisms when these ionotropic
nucleotide receptors were activated [64–66]. This suggests that TNAP
might modulate synaptic function by regulating the availability of
ligands at nucleotide and nucleoside receptors.
TNAP is often co-expressedwith other ectonucleotidases [27] which
could redundantly generate adenosine from extracellular nucleotides in
different regions of the nervous system, including the somatosensory
system or the hippocampus. In both cases, the adenosine generated acts
by inhibiting dorsal root ganglion or spinal neurons and hippocampal
activity, respectively [67,68].
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consequences of the lack of TNAP on postnatal brain development, spe-
ciﬁcally from the ﬁrst to the tenth day of postnatal development. During
these days, at the spinal cord level, the relative amount of white matter
suffers a considerable decrease in the knockout mice when compared
to their control littermate wild-type mice. This fact was accompanied
by a decrease in the g-ratio (axon diameter/ﬁber diameter) of the mye-
linated ﬁbers and in the thinning of the myelin sheath [32,69]. In the
cerebral cortex, myelinated axons, found to be present in wild-type
littermate mice, were absent in TNAP knockout animals at seventh and
eighth postnatal days. Remarkably, the cerebral cortex from these mu-
tant mice contains a high proportion of immature synapses supporting
the hypothesis that TNAP plays also a role in synaptogenesis [69].
5. Implication of TNAP in Neurodegenerative Diseases: Alzheimer's
Disease and Epilepsy
As mentioned above, TNAP hydrolyzes a wide spectrum of
monoesters of phosphoric acid. These properties together with the
abnormalities in myelination and synaptogenesis observed in the
TNAP knockout mice, a model of infantile hypophosphatasia, implicate
an important role of this enzyme in neuronal development [32,69].
Therefore, TNAP emerges as a plausible target for the treatment of neu-
rological diseaseswhere the synaptic function is altered such as epilepsy
or Alzheimer's disease.
5.1. Alzheimer's Disease (AD)
In 2006 the incidence of ADwas around 30million cases throughout
the world [70], but this ﬁgure has been increasing each year since then.
At histopathological levels, this disease is characterized by the presence
of two aberrant structures: extracellular senile plaques composed by
amyloid beta peptide, and intracellular neuroﬁbrillary tangles (NFTs)
mainly formed by hyperphosphorylated tau protein [71].
Hyperphosphorylated tau initially appears in the entorhinal cortex
and spreads from there to surrounding regions like the hippocampus
[72]. In these brain regions it has been found that a relationshipFig. 2. Schematic representation illustrating the involvement of TNAP in the progression of Alzh
undetermined injury or by its own vesicular release under physiological conditions. This tau pro
activation of muscarinic receptors by tau has three main consequences; an increase of intracell
quently of these effects, a positive feedback loop is generated in which the ﬁnal consequence is
contents are released to the interstitial space, increasing the extracellular levels of hyperphosp
degradation, allowing the proteins to reach distant brain regions that results in spreading of thbetween the extent of tangles and neuronal death exists [73–75].
Regarding the underlying mechanism, it has been recently reported
that tau protein induces a toxic effect through the activation of musca-
rinic receptors, speciﬁcally M1 and/or M3 receptors [76,77]. But, why
tau and not other muscarinic agonists like ACh, is able to induce
this neurotoxic effect? We can ﬁnd the answer in three differential
facts; ﬁrst tau has around one order of magnitude higher afﬁnity for
muscarinic receptors than ACh. Second, a repeated stimulation of the
muscarinic receptor by ACh induced receptor desensitization, and this
phenomenon failed when they were stimulated by tau. And ﬁnally,
tau protein is very stable in the interstitial space, remaining intact in
this location more time than ACh [78]. All these data can explain, at
least in part, the toxic effect associated with tau protein in AD.
It has been recently reported that extracellular hyperphosphorylated
tau protein coming from damaged neurons must be dephosphorylated
to become an agonist of amuscarinic receptor and induce the unbalances
of the intracellular calcium homeostasis that ﬁnally triggers neuronal
death [79]. Furthermore, this activation by dephosphorylated tau also in-
creases TNAP expression and the phosphorylation levels of intracellular
tau [76,79]. Taking all these data together, we can postulate the next
scenery that is summarized in Fig. 2. Brieﬂy, after an initial neuronal
damage or maybe by its own vesicular release [80] hyperphosphorylated
tau reaches the extracellular spacewhere it is dephosphorylated by TNAP.
Afterwards, dephosphorylated tau can activatemuscarinic receptors pro-
ducing an increase in the intracellular levels of calcium, phosphorylation
of intracellular tau protein and the expression of TNAP. This last event
will cause a more efﬁcient dephosphorylation of the extracellular
hyperphosphorylated tau. The ﬁnal result is a positive feedback mecha-
nism that maintains constant muscarinic receptor activation that could
provoke the neuronal death by the imbalance of intracellular calcium ho-
meostasis. But in addition, this mechanism also generates the formation
of new intracellular tangles, prior to the cell death. With the rupture of
the plasma membrane after the cell death, the intracellular contents are
released to the interstitial space, increasing the extracellular levels
of hyperphosphorylated tau. The NFTs suffer slow disassembly and
degradation, allowing the proteins to reach distant brain regions which
results in spreading of this neurodegenerative process [79].eimer's disease. First, tau protein reaches the interstitial space as a consequence of an initial
tein is dephosphorylated by TNAP becoming an active ligand of muscarinic receptors. The
ular level of calcium and hyperphosphorylated tau, and an increase of TNAP levels. Subse-
cell death.With the rupture of the plasmamembrane after the cell death, the intracellular
horylated tau. The NFTs (intracellular neuroﬁbrillary tangles) suffer slow disassembly and
is neurodegenerative process.
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100AD patients have shown that TNAP activity is signiﬁcantly increased
in the hippocampus of AD patients compared with age-related controls,
independent ofwhether theywere diagnosed as sporadic or genetic AD.
Interestingly, this study also demonstrated an increase of TNAP levels in
the plasma of the AD patients [81], suggesting that TNAP is a good
biomarker of disease progression.
5.2. Epilepsy
Epilepsy is a common and chronic group of neurological disorders
characterized by recurrent unprovoked seizures, which range from
brief and practically undetectable, to longer periods of violent convul-
sions. It affects about 50 million people worldwide [82]. Epileptic
seizures are the result of excessive and abnormal hypersynchronous
ﬁring of neurons in the brain [83].
Bearing in mind that TNAP regulates the availability of PLP [25], the
cofactor implicated in GABA synthesis [26], the ﬁrst studies directed to
elucidate the causes of the spontaneous epileptic seizures observed in
TNAP knockout mice [31,32] focused on the dysregulation of GABAergic
signaling, responsible for inhibition of neuronal activity. Administration
of vitamin B6 (pyridoxal) was found to suppress these seizures [84] and
the authors suggested that the epileptic seizures observed in TNAP
knockout mice result from GAD dysfunction resulting from reduced
hydrolysis of extracellular PLP and subsequent shortage of intracellular
PLP. This could also explain the abnormal morphology of the lumbar
nerve roots and myelination defects observed in these mice [32,69].
Finally, the role of TNAP as an ectonucleotidase must be further investigat-
ed. Considering that P2XRs have been widely related to epilepsy [85] as
well as TNAP is able to regulate ligand availability (ATP) in the
environment of P2XRs, together with recently reported work where it is
described that PLP can antagonize the response induced by the activation
of someP2XRs [86],we can suggest that the contributionof TNAP to the sei-
zures suffered by TNAP null micemay be due tomultiple factors. However,
to validate this hypothesis deeper and exhaustive studies should be done.
6. Concluding Remarks
The studies presented here demonstrate that under normal condi-
tions TNAP plays a key role during CNS development, being involved
on neural differentiation as well as in the establishment and mainte-
nance of the synaptic contact. However, alterations on its normal func-
tion have been associated with some neurological diseases, such as
epilepsy or AD. Considering that the role of TNAP in the CNS is just
starting to be elucidated, new studies have to be performed to identify
the factors that are altering its normal function on these diseases. On
the other hand, due to the wide distribution that TNAP presents in the
whole body, new speciﬁc antagonists of TNAPwith a restricted distribu-
tion to CNS should be developed. In addition, according to what was
mentioned in Section 5.2, to consider this enzyme as a validated thera-
peutic target to treat AD, the combination of these new compounds
with selective P2X antagonists would avoid epileptic seizures derived
from the maintained inhibition of TNAP.
Acknowledgments
We thank T. Poderoso for critical reading of the manuscript.
This work has been supported by Ministerio de Ciencia e Innovación
(BFU-2012-31195; BFU2011-24743).
References
[1] McComb RB, Bowers GN, Posen S. Alkaline phosphatase. New York: Plenum Press;
1979.
[2] Millan JL. Alkaline phosphatases: structure, substrate speciﬁcity and functional
relatedness to other members of a large superfamily of enzymes. Purinergic Signal
2006;2:335–41.[3] al-Rashida M, Iqbal J. Therapeutic potentials of ecto-nucleoside triphosphate
diphosphohydrolase, ecto-nucleotide pyrophosphatase/phosphodiesterase, ecto-
5′-nucleotidase, and alkaline phosphatase inhibitors. Med Res Rev 2014;34:703–43.
[4] Harris H. The human alkaline phosphatases: what we know and what we don't
know. Clin Chim Acta 1990;186:133–50.
[5] Van Hoof VO, De Broe ME. Interpretation and clinical signiﬁcance of alkaline
phosphatase isoenzyme patterns. Crit Rev Clin Lab Sci 1994;31:197–293.
[6] Buchet R, Millan JL, Magne D. Multisystemic functions of alkaline phosphatases.
Methods Mol Biol 2013;1053:27–51.
[7] Hoshi K, Amizuka N, Oda K, Ikehara Y, Ozawa H. Immunolocalization of tissue
non-speciﬁc alkaline phosphatase in mice. Histochem Cell Biol 1997;107:183–91.
[8] Fonta C, Negyessy L, Renaud L, Barone P. Areal and subcellular localization of the
ubiquitous alkaline phosphatase in the primate cerebral cortex: evidence for a role
in neurotransmission. Cereb Cortex 2004;14:595–609.
[9] Langer D, Hammer K, Koszalka P, Schrader J, Robson S, et al. Distribution of
ectonucleotidases in the rodent brain revisited. Cell Tissue Res 2008;334:199–217.
[10] Smith M, Weiss MJ, Grifﬁn CA, Murray JC, Buetow KH, et al. Regional assignment of
the gene for human liver/bone/kidney alkaline phosphatase to chromosome
1p36.1–p34. Genomics 1988;2:139–43.
[11] Terao M, Pravtcheva D, Ruddle FH, Mintz B. Mapping of gene encoding mouse
placental alkaline phosphatase to chromosome 4. Somat Cell Mol Genet 1988;14:
211–5.
[12] TeraoM, StuderM, Gianni M, Garattini E. Isolation and characterization of themouse
liver/bone/kidney-type alkaline phosphatase gene. Biochem J 1990;268:641–8.
[13] Matsuura S, Kishi F, Kajii T. Characterization of a 5′-ﬂanking region of the human
liver/bone/kidney alkaline phosphatase gene: two kinds of mRNA from a single
gene. Biochem Biophys Res Commun 1990;168:993–1000.
[14] Studer M, Terao M, Gianni M, Garattini E. Characterization of a second promoter
for the mouse liver/bone/kidney-type alkaline phosphatase gene: cell and tissue
speciﬁc expression. Biochem Biophys Res Commun 1991;179:1352–60.
[15] Low MG, Saltiel AR. Structural and functional roles of glycosyl-phosphatidylinositol
in membranes. Science 1988;239:268–75.
[16] Giocondi MC, Seantier B, Dosset P, Milhiet PE, Le Grimellec C. Characterizing the
interactions between GPI-anchored alkaline phosphatases and membrane domains
by AFM. Pﬂugers Arch 2008;456:179–88.
[17] Hessle L, Johnson KA, Anderson HC, Narisawa S, Sali A, et al. Tissue-nonspeciﬁc alka-
line phosphatase and plasma cell membrane glycoprotein-1 are central antagonistic
regulators of bone mineralization. Proc Natl Acad Sci U S A 2002;99:9445–9.
[18] Murshed M, Harmey D, Millan JL, McKee MD, Karsenty G. Unique coexpression in
osteoblasts of broadly expressed genes accounts for the spatial restriction of ECM
mineralization to bone. Genes Dev 2005;19:1093–104.
[19] Foster BL, Nagatomo KJ, Nociti Jr FH, Fong H, Dunn D, et al. Central role of pyrophos-
phate in acellular cementum formation. PLoS One 2012;7:e38393.
[20] Nayudu RV, de Meis L. Energy transduction at the catalytic site of enzymes:
hydrolysis of phosphoester bonds and synthesis of pyrophosphate by alkaline
phosphatase. FEBS Lett 1989;255:163–6.
[21] Whyte MP. Hypophosphatasia and the role of alkaline phosphatase in skeletal
mineralization. Endocr Rev 1994;15:439–61.
[22] WhyteMP. Physiological role of alkaline phosphatase explored in hypophosphatasia.
Ann N Y Acad Sci 2010;1192:190–200.
[23] Orimo H. The mechanism of mineralization and the role of alkaline phosphatase in
health and disease. J Nippon Med Sch 2010;77:4–12.
[24] Millan JL. The role of phosphatases in the initiation of skeletal mineralization. Calcif
Tissue Int 2013;93:299–306.
[25] Whyte MP, Mahuren JD, Vrabel LA, Coburn SP. Markedly increased circulating
pyridoxal-5′-phosphate levels in hypophosphatasia. Alkaline phosphatase acts in
vitamin B6 metabolism. J Clin Invest 1985;76:752–6.
[26] Amadasi A, Bertoldi M, Contestabile R, Bettati S, Cellini B, et al. Pyridoxal 5′-
phosphate enzymes as targets for therapeutic agents. Curr Med Chem 2007;14:
1291–324.
[27] Zimmermann H. Ectonucleotidases in the nervous system. Novartis Found Symp
2006;276:113–28 [Discussion 128-130, 233-117, 275-181].
[28] Zimmermann H, Zebisch M, Strater N. Cellular function and molecular structure of
ecto-nucleotidases. Purinergic Signal 2012;8:437–502.
[29] Narisawa S, Hasegawa H, Watanabe K, Millan JL. Stage-speciﬁc expression of alka-
line phosphatase during neural development in the mouse. Dev Dyn 1994;201:
227–35.
[30] MacGregor GR, Zambrowicz BP, Soriano P. Tissue non-speciﬁc alkaline phosphatase
is expressed in both embryonic and extraembryonic lineages duringmouse embryo-
genesis but is not required for migration of primordial germ cells. Development
1995;121:1487–96.
[31] Waymire KG, Mahuren JD, Jaje JM, Guilarte TR, Coburn SP, et al. Mice lacking tissue
non-speciﬁc alkaline phosphatase die from seizures due to defective metabolism of
vitamin B-6. Nat Genet 1995;11:45–51.
[32] Narisawa S, Frohlander N, Millan JL. Inactivation of two mouse alkaline phosphatase
genes and establishment of a model of infantile hypophosphatasia. Dev Dyn 1997;
208:432–46.
[33] Chiquoine AD. The identiﬁcation, origin, and migration of the primordial germ cells
in the mouse embryo. Anat Rec 1954;118:135–46.
[34] Godin I, Wylie C, Heasman J. Genital ridges exert long-range effects on mouse pri-
mordial germ cell numbers and direction of migration in culture. Development
1990;108:357–63.
[35] Langer D, Ikehara Y, Takebayashi H, Hawkes R, Zimmermann H. The ectonucleotidases
alkalinephosphatase andnucleoside triphosphatediphosphohydrolase2 are associated
with subsets of progenitor cell populations in the mouse embryonic, postnatal and
adult neurogenic zones. Neuroscience 2007;150:863–79.
100 Á. Sebastián-Serrano et al. / Computational and Structural Biotechnology Journal 13 (2015) 95–100[36] Altman J, Bayer SA. Horizontal compartmentation in the germinal matrices and in-
termediate zone of the embryonic rat cerebral cortex. Exp Neurol 1990;107:36–47.
[37] Khakh BS. Molecular physiology of P2X receptors and ATP signalling at synapses. Nat
Rev Neurosci 2001;2:165–74.
[38] Berridge MJ. Calcium signalling and cell proliferation. Bioessays 1995;17:491–500.
[39] Weissman TA, Riquelme PA, Ivic L, Flint AC, Kriegstein AR. Calcium waves propagate
through radial glial cells and modulate proliferation in the developing neocortex.
Neuron 2004;43:647–61.
[40] Mishra SK, Braun N, Shukla V, Fullgrabe M, Schomerus C, et al. Extracellular nucleo-
tide signaling in adult neural stem cells: synergism with growth factor-mediated
cellular proliferation. Development 2006;133:675–84.
[41] Kermer V, RitterM, Albuquerque B, Leib C, StankeM, et al. Knockdown of tissue non-
speciﬁc alkaline phosphatase impairs neural stem cell proliferation and differentia-
tion. Neurosci Lett 2010;485:208–11.
[42] Bradke F, Dotti CG. The role of local actin instability in axon formation. Science 1999;
283:1931–4.
[43] da Silva JS, Dotti CG. Breaking the neuronal sphere: regulation of the actin cytoskel-
eton in neuritogenesis. Nat Rev Neurosci 2002;3:694–704.
[44] Bossi M, Hoylaerts MF, Millan JL. Modiﬁcations in a ﬂexible surface loop modulate
the isozyme-speciﬁc properties of mammalian alkaline phosphatases. J Biol Chem
1993;268:25409–16.
[45] Rathbone MP, Middlemiss PJ, Gysbers JW, Andrew C, Herman MA, et al. Trophic
effects of purines in neurons and glial cells. Prog Neurobiol 1999;59:663–90.
[46] Cheung KK, Chan WY, Burnstock G. Expression of P2X purinoceptors during rat
brain development and their inhibitory role on motor axon outgrowth in neural
tube explant cultures. Neuroscience 2005;133:937–45.
[47] Burnstock G. Physiology and pathophysiology of purinergic neurotransmission.
Physiol Rev 2007;87:659–797.
[48] Edwards FA, Gibb AJ, Colquhoun D. ATP receptor-mediated synaptic currents in the
central nervous system. Nature 1992;359:144–7.
[49] Evans RJ, Derkach V, Surprenant A. ATP mediates fast synaptic transmission in
mammalian neurons. Nature 1992;357:503–5.
[50] AbbracchioMP, BurnstockG, Boeynaems JM, Barnard EA, Boyer JL, et al. International
Union of Pharmacology LVIII: update on the P2Y G protein-coupled nucleotide
receptors: from molecular mechanisms and pathophysiology to therapy. Pharmacol
Rev 2006;58:281–341.
[51] Diaz-Hernandez M, del Puerto A, Diaz-Hernandez JI, Diez-Zaera M, Lucas JJ, et al.
Inhibition of the ATP-gated P2X7 receptor promotes axonal growth and branching
in cultured hippocampal neurons. J Cell Sci 2008;121:3717–28.
[52] Gomez TM, Spitzer NC. In vivo regulation of axon extension and pathﬁnding by
growth-cone calcium transients. Nature 1999;397:350–5.
[53] Diez-Zaera M, Diaz-Hernandez JI, Hernandez-Alvarez E, Zimmermann H,
Diaz-Hernandez M, et al. Tissue-nonspeciﬁc alkaline phosphatase promotes axonal
growth of hippocampal neurons. Mol Biol Cell 2011;22:1014–24.
[54] Negyessy L, Xiao J, Kantor O, Kovacs GG, Palkovits M, et al. Layer-speciﬁc activity of
tissue non-speciﬁc alkaline phosphatase in the human neocortex. Neuroscience
2011;172:406–18.
[55] Fonta C, Negyessy L, Renaud L, Barone P. Postnatal development of alkaline phospha-
tase activity correlates with the maturation of neurotransmission in the cerebral
cortex. J Comp Neurol 2005;486:179–96.
[56] Missler M, Eins S, Merker HJ, Rothe H, Wolff JR. Pre- and postnatal development
of the primary visual cortex of the common marmoset. I. A changing space for
synaptogenesis. J Comp Neurol 1993;333:41–52.
[57] Kantor O, Varga A, Kovacs-Oller T, Enzsoly A, Balogh L, et al. TNAP activity is localized
at critical sites of retinal neurotransmission across various vertebrate species. Cell
Tissue Res 2014;358:85–98.
[58] Fedde KN, Whyte MP. Alkaline phosphatase (tissue-nonspeciﬁc isoenzyme) is a
phosphoethanolamine and pyridoxal-5′-phosphate ectophosphatase: normal and
hypophosphatasia ﬁbroblast study. Am J Hum Genet 1990;47:767–75.
[59] Martin DL, Barke KE. Are GAD65 and GAD67 associated with speciﬁc pools of GABA
in brain? Perspect Dev Neurobiol 1998;5:119–29.
[60] Spector R. Vitamin B6 transport in the central nervous system: in vivo studies. J
Neurochem 1978;30:881–7.
[61] Burnstock G, Fredholm BB, Verkhratsky A. Adenosine and ATP receptors in the brain.
Curr Top Med Chem 2011;11:973–1011.
[62] Diaz-Hernandez M, Pintor J, Miras-Portugal MT. Modulation of the dinucleotide re-
ceptor present in rat midbrain synaptosomes by adenosine and ATP. Br J Pharmacol
2000;130:434–40.[63] Diaz-Hernandez M, Pereira MF, Pintor J, Cunha RA, Ribeiro JA, et al. Modulation of
the rat hippocampal dinucleotide receptor by adenosine receptor activation. J
Pharmacol Exp Ther 2002;301:441–50.
[64] Diaz-Hernandez M, Pintor J, Castro E, Miras-Portugal MT. Co-localisation of
functional nicotinic and ionotropic nucleotide receptors in isolated cholinergic syn-
aptic terminals. Neuropharmacology 2002;42:20–33.
[65] Gualix J, Gomez-Villafuertes R, Diaz-Hernandez M, Miras-Portugal MT. Presence of
functional ATP and dinucleotide receptors in glutamatergic synaptic terminals
from rat midbrain. J Neurochem 2003;87:160–71.
[66] Gomez-Villafuertes R, Pintor J, Gualix J, Miras-Portugal MT. GABAB receptor-
mediated presynaptic potentiation of ATP ionotropic receptors in rat midbrain
synaptosomes. Neuropharmacology 2003;44:311–23.
[67] Street SE, Kramer NJ, Walsh PL, Taylor-Blake B, Yadav MC, et al. Tissue-nonspeciﬁc
alkaline phosphatase acts redundantly with PAP and NT5E to generate adenosine
in the dorsal spinal cord. J Neurosci 2013;33:11314–22.
[68] Zhang D, XiongW, Chu S, Sun C, Albensi BC, et al. Inhibition of hippocampal synaptic
activity by ATP, hypoxia or oxygen–glucose deprivation does not require CD73. PLoS
One 2012;7:e39772.
[69] Hanics J, Barna J, Xiao J, Millan JL, Fonta C, et al. Ablation of TNAP function compro-
misesmyelination and synaptogenesis in the mouse brain. Cell Tissue Res 2012;349:
459–71.
[70] Brookmeyer R, Johnson E, Ziegler-Graham K, Arrighi HM. Forecasting the global
burden of Alzheimer's disease. Alzheimers Dement 2007;3:186–91.
[71] Grundke-Iqbal I, Iqbal K, Tung YC, Quinlan M,Wisniewski HM, et al. Abnormal phos-
phorylation of the microtubule-associated protein τ (tau) in Alzheimer cytoskeletal
pathology. Proc Natl Acad Sci U S A 1986;83:4913–7.
[72] Braak H, Braak E. Neuropathological stageing of Alzheimer-related changes. Acta
Neuropathol 1991;82:239–59.
[73] Fukutani Y, Kobayashi K, Nakamura I, Watanabe K, Isaki K, et al. Neurons, intracellu-
lar and extracellular neuroﬁbrillary tangles in subdivisions of the hippocampal
cortex in normal ageing and Alzheimer's disease. Neurosci Lett 1995;200:57–60.
[74] Cras P, SmithMA, Richey PL, Siedlak SL, Mulvihill P, et al. Extracellular neuroﬁbrillary
tangles reﬂect neuronal loss and provide further evidence of extensive protein
cross-linking in Alzheimer disease. Acta Neuropathol 1995;89:291–5.
[75] Bondareff W, Mountjoy CQ, Roth M, Hauser DL. Neuroﬁbrillary degeneration and
neuronal loss in Alzheimer's disease. Neurobiol Aging 1989;10:709–15.
[76] Gomez-Ramos A, Diaz-Hernandez M, Cuadros R, Hernandez F, Avila J. Extracellular
tau is toxic to neuronal cells. FEBS Lett 2006;580:4842–50.
[77] Gomez-Ramos A, Diaz-HernandezM, Rubio A,Miras-PortugalMT, Avila J. Extracellu-
lar tau promotes intracellular calcium increase through M1 and M3 muscarinic
receptors in neuronal cells. Mol Cell Neurosci 2008;37:673–81.
[78] Gomez-Ramos A, Diaz-Hernandez M, Rubio A, Diaz-Hernandez JI, Miras-Portugal
MT, et al. Characteristics and consequences of muscarinic receptor activation by
tau protein. Eur Neuropsychopharmacol 2009;19:708–17.
[79] Diaz-Hernandez M, Gomez-Ramos A, Rubio A, Gomez-Villafuertes R, Naranjo JR,
et al. Tissue-nonspeciﬁc alkaline phosphatase promotes the neurotoxicity effect of
extracellular tau. J Biol Chem 2010;285:32539–48.
[80] Simon D, Garcia-Garcia E, Gomez-Ramos A, Falcon-Perez JM, Diaz-Hernandez M, et al.
Tau overexpression results in its secretion via membrane vesicles. Neurodegener Dis
2012;10:73–5.
[81] Vardy ER, Kellett KA, Cocklin SL, Hooper NM. Alkaline phosphatase is increased in
both brain and plasma in Alzheimer's disease. Neurodegener Dis 2012;9:31–7.
[82] Pugliatti M, Beghi E, Forsgren L, EkmanM, Sobocki P. Estimating the cost of epilepsy
in Europe: a review with economic modeling. Epilepsia 2007;48:2224–33.
[83] Chang BS, Lowenstein DH. Epilepsy. N Engl J Med 2003;349:1257–66.
[84] Narisawa S, Wennberg C, Millan JL. Abnormal vitamin B6 metabolism in alkaline
phosphatase knock-out mice causes multiple abnormalities, but not the impaired
bone mineralization. J Pathol 2001;193:125–33.
[85] Engel T, Jimenez-Pacheco A, Miras-Portugal MT, Diaz-Hernandez M, Henshall DC.
P2X7 receptor in epilepsy; role in pathophysiology and potential targeting for
seizure control. Int J Physiol Pathophysiol Pharmacol 2012;4:174–87.
[86] Theriault O, Poulin H, Thomas GR, Friesen AD, Al-Shaqha WA, et al. Pyridoxal-5′-
phosphate (MC-1), a vitamin B6 derivative, inhibits expressed P2X receptors. Can J
Physiol Pharmacol 2014;92:189–96.
